Introduction Recent interest in the interaction
, and (4) formation of deep ocean circulation (Wajsowicz and Gill, 1986; Kawase, 1987) . In this letter, the adjustment of the equatorial Pacific thermocline to an initial thermocline anomaly in the extratropics is studied in light of Kelvin waves and Rossby waves. This is motivated by a recent general circulation model (GCM) study on the impact of the extratropical Pacific on equatorial variability by Lysne et al. (1997) , where they found that the time lag between the central North Pacific and the tropical warm transition is only about 3-5 years, much shorter than the time it takes for the subducted warm anomaly to reach the equatorial region. This relatively short time lag suggests that, in addition to the subduction process (McCreary and Lu, 1994; Liu and Philander, 1995), some wave mechanisms are responsible for the transmission of warm anomalies from the extratropics to the equator. This is the main focus of this letter. We will show quantitatively the important role of coastal Kelvin waves and equatorial Kelvin and Rossby waves, and eastern boundary Copyright 2000 by the American Geophysical Union.
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0094-8276/00/1999GL002368505.00 in which (4c,Oc)iS the center of the packet, 0p,4p are the meridional and zonal dimensions, and rl o is the initial amplitude.
The initial velocity field is calculated by the relations of geostrophic balance. In the control experiment, the center of the wave packet is set at (180 ø, 30øN) . The size of the wave patch is chosen as •p =60ø,0p =20 ø, which is much larger than the deformation radius. Figures 2a-d . Before the wave packet arrives at the western boundary, the propagation is mostly westward at a rate controlled by the non-dispersive relation. The southern part of the patch propagates faster than the northern part, in accordance with the differing local deformation radius. At the end of the first year, the wave front first impinges on the eastern coast of Japan at 35øN, establishing a clockwise coastal Kelvin wave current within a short time of about 12 days, with a positive sea surface height anomaly along the coast of Japan. On the western coast of Japan, a Rossby wave is radiated and propagates westward in the Japan Sea. As the front of the southern part of the initial anomaly impinges on the eastern coast of China, it generates an equatorward coastal Kelvin wave which passes through the Luzon Strait and travels anticlockwise along the coast of the South China Sea. Before exiting into the Sulu Sea through Mindoro can more efficiently participate in the fast adjustment process (Liu et al., 1999 ). With the model parameters, 0e is about 16 ø.
The evolution of the initial SSH anomaly is illustrated by
The mass evolution diagram clearly shows that much of the western boundary incident mass is rapidly injected into the equatorial wave band, while the mass in the EBP region grows slowly and becomes comparable to the equatorial wave band at a later stage. The diagram also shows that the mass in the western marginal seas is negligible, even though the sea surface height may not be small (Fig. 2) run. Second, we impose a SSH anomaly with the same size and location as the previous linear experiment, and run the model for another 6 years. The amplitude of the imposed anomaly is 10% of the mean sea surface height. The response induced by the initial perturbation can be detected by the difference of these two runs at each time step.
The evolutions of the equatorial Kelvin wave, eastern boundary Kelvin wave and western boundary incident wave packet (normalized by the amplitude of the initial anomaly and smoothed by spline method) are plotted in Figure 4(b) . The incident planetary wave peaks at year 2.6, ends at year 3.4 and bounces back at a later stage due to the interaction with the boundary current. Compared with the linear experiment, in the interior the propagation of the wave packet seems to be not affected by the mean advection. But, as the wave packet impinges on the western boundary (after about one year), it crosses the basin rapidly within about 2 years, which is almost half of the linear case. This may be attributed to the strong mean advection near the Kuroshio. The fast crossing of the extratropical western boundary incident wave only allows the planetary waves which are radiated at a lower latitude from the eastern boundary, to cross the basin before its trail crosses the western boundary. This reduces the area of the fast equatorial adjustment process, therefore increases the magnitude of the equatorial thermocline transition. It can be seen that the peak amplitude of the equatorial Kelvin wave now is 0.09, about 1.5 times the linear experiment amplitude. The eastern boundary SSH also shows the same phase and magnitude as the equatorial SSH. It seems that the Kelvin wave is less affected by the mean boundary current advection due to its rapid propagation along the boundary (3.64m/s contrast to 1.3m/s of the model Kuroshio Current).
Summary
The adjustment of the equatorial thermocline to an initial extratropical planetary wave packet is quantified using analytical and high-resolution primitive numerical models. It is found that the fast adjustment due to the coastal Kelvin wave and equatorial Kelvin and Rossby waves, and slow adjustment due to the eastern boundary planetary wave play a crucial role in the redistribution of the initial mass anomaly, and thus determine the phase and magnitude of the equatorial thermocline transition in response to the extratropical transition. For a given extratropical anomaly, both the analytical and numerical models show that the equatorial thermocline transition occurs about 2-5 years later, and the magnitude is about 5-10% of the initial extratropical anomaly. The presence of the mean circulation intensifies the transition of the equatorial thermocline and reduces the extratropical-tropical phase lag.
It should be pointed out that the mean upper layer thickness in the model is consistent with the extratropical mean thermocline, but is unrealistic in the equatorial Pacific where the thermocline depth is about half of the model layer thickness. In reality, it is believed that for the same initial extratropical anomaly, the modulation of the equatorial thermocline can be stronger than the model prediction in the fact that the first baroclinic equatorial Kelvin and Rossby waves propagates slower than that in the model, leading to a narrower fast adjustment equatorial band.
The relative amplitude and phase of the equatorial thermocline modulation may not critically depend on the sign and amplitude of the initial extratropical thermocline anomaly. In a series of idealized experiments with a rectangular basin and without mean advection, an increase of the initial amplitude of extratropical thermocline anomaly does not cause a change of the relative amplitude and phase of the equatorial thermocline modulation. This is because that the short Rossby wave adjustment on the western boundary contributes less to the basin mass balance. A negative extratropical anomaly does not change the process of wave adjustment of the basin mass balance even the directions of the currents are reversed, therefore the amplitude and phase of the equatorial thermocline anomaly resembles those induced by a positive extratropical anomaly. In the presence of mean advection, a strong initial extratropical anomaly may modulate the mean flow, which produces a nonlinear feedback to the wave propagation near the boundary and thus affects the adjustment of the equatorial thermocline. More detailed theoretical analyses and model experiments on how the mean flow advection influences the Kelvin-Rossby wave interaction are currently underway
